Human Leukocyte Antigens (HLAs) play an important role in host immune responses to infectious pathogens, and influence organ transplantation, cancer and autoimmune diseases. In this study we conducted a high resolution, sequence-based genotyping of HLA class I and class II genes of more than 2000 women from Kenya, eastern Tanzania 
Introduction
The Human Leukocyte Antigen (HLA) genes are the most polymorphic genes within the human genome and play an important role in initiating the immune response to invading pathogens. Associations between specific HLA alleles and increased/decreased risk of autoimmunity diseases [1] [2] as well as resistance and susceptibility to pathogenic infections have been reported in many studies [3] . The information related to the HLA allele frequencies and their compositions in a given population can contribute not only to the anthropological and transplantation studies, but also to the understanding of disease epidemiology. In turn, it can also provide valuable information for designing effective vaccine and clinical trials.
As a founder population under the extensive selective pressure exerted by many infectious diseases, East African populations are expected to have a very diverse HLA class I and II allele composition. A previous analysis of the genetic makeup of African populations and their genetic diversity has shown extensive variations in multiple genetic markers such as microsatellites, insertions/deletions and single nucleotide polymorphisms [4] .
Comparison of HLA composition of Kenya and Cameroon populations showed various similarities and differences for specific frequencies of HLA-A and -B alleles [5] and similar genetic distance in HLA-C has been observed between the Caucasian and African population and between the African and Asian populations [6] .
In this study, we conducted high resolution sequence-based typing of the HLA class I and II genes [7] and comprehensive analysis of allele frequencies of more than 2000 women from Kenya, eastern Tanzania and southern Uganda around lake Victoria. A considerable genetic diversity was observed at both class I and II loci. The class I and class II HLA allele frequencies of the study population were compared with that of several sub-Saharan African and North African, Western European Caucasoid and Asian populations [8] . The knowledge of the diversity of the HLA alleles of different populations, their similarities and differences can contribute to the understanding of how host genetic factors influence disease susceptibility and effectiveness of anti-retroviral treatment of HIV infections, as well as better preparation for future vaccine trials.
Materials and Methods

Study Population
The study population is consisted of more than 2000 women enrolled before 2008 in the Pumwani sex worker cohort in Nairobi, Kenya. HIV status is not the requirement for enrolment. In this study, 2161 individuals were typed for HLA-A, 2179 individuals for HLA-B, 2152 individuals for HLA-C, 2160 individuals for DPA1, 2215 individuals for DPB1, 2098 individuals for DQA1, 2070 individuals for DQB1, and 1090 individuals for DRB1, DRB3, DRB4 and DRB5. Due to insufficient DNA quantity for some samples, not all individuals were typed for each locus. The Ethics Committee of the University of Manitoba and the Ethics and Research Committee of Kenyatta National Hospital has approved this study and informed consent was obtained from all women enrolled in the study.
DNA Preparation
The DNA used for HLA typing was isolated from patients of the cohort using QIAmp DNA Mini Kit and QIAgen EZ1 Blood Robot (QIAgen Inc, Mississauga, Ontario, Canada) and was quantified by standard UV spectrophotometric analysis.
PCR Amplification and Sequencing Primers
Exons 2 and 3 and intron 2 were amplified for HLA-A, HLA-B, and HLA-C. Both gene-specific and allele specific primers were used to sequence the PCR products. Exon 2 of DQA1, DQB1, DPA1 and DPB1 was amplified and sequenced. DRB typing was accomplished using a two-step sequence based genotyping method described previously [9] . Allele-specific primers were then developed to resolve ambiguous allele combinations. PCR, sequencing PCR and allele specific primers are listed in Table 1 .
PCR Reactions
The 50 µl PCR reaction mixture consisted of 60mM Tris-HCl (pH 9.0), 15mM (NH4) 2 SO 4 , 1.5 mM MgCl 2 , 0.1% gelatin, 100 mM each dNTP, 25 pmol of each primer, 1.25 Unit of Taq DNA polymerase (Invitrogen Life Technologies, Burlington, ON, Canada) and 100 -200 ng DNA. The cycle parameters used in the PTC-100 programmable Thermal Controller (MJ Research, Inc., Waltham, MA USA) were 35 cycles of 1 min denaturation at 96˚C, 1 min at a specific annealing temperature ( Table 1) , 2 min extension at 72˚C, followed by a final 10 minutes extension at 72˚C. Five µl PCR product was checked by 1.0% agarose gel electrophoresis for the correctly sized PCR products. The remaining PCR products were purified with the "High Pure PCR Product Purification Kit" (Roche Molecular Biochemicals, Laval QC, Canada) or with Amicon Microcon-PCR Centrifugal filter device (Millipore, Bedford, MA USA) for sequencing PCR. Sequencing PCR programs consisted of 80 cycles of 1 minute denaturation at 96˚C, followed by 1 min at the primer's specific annealing temperature, then 2 minutes of extension at 60˚C, followed by a final extension at 10 minutes. Allele specific primers were used to resolve allele ambiguities ( Table 2) . For the allele specific primers, the annealing step was done at the melting temperature of the primer for 15 seconds to allow for highly specific binding to the specific allele.
Sequencing and HLA Typing
ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kits (Applied Biosystems, Foster City, CA, USA) were used for all sequencing. The amplified PCR products from this were purified and then analyzed using ABI PRISM 310 GENETIC ANALYZER (Applied Biosystems). Class I and II alleles were typed using software Codon Express™, a computer program developed based on a Taxonomy Based Sequencing Analysis (TBSA) [7] . The HLA databases were downloaded from IMTG/HLA Database (http://www.ebi.ac.uk/imgt/hla/).
Statistical Analysis
PyPop 0.7.0 was used to calculate allele frequencies, Hardy-Weinberg equilibrium, deviations from expected genotype and homozygosity frequencies, and for the Ewens-Watterson homozygosity test of neutrality. SPSS 13.0 was used to calculate phenotype frequencies and combined counts of homozygosity for members typed at all loci. Linkage disequilibrium analysis was done by using an online tool developed for LD analysis (http://www.hiv.lanl.gov/). Allele frequencies from different populations were obtained from an online collection of past studies on HLA allele frequencies (http://allelefrequencies.net/).
Results
HLA Class I Allele Diversity and Frequencies
Extensive diversity has been observed at each HLA class I locus in this East African population. Similar to other populations the greater allele diversity is observed in HLA-B, followed by HLA-A, and then HLA-C. A total of 79 HLA-A alleles, 113 HLA-B alleles, and 53 HLA-C alleles were identified in this population excluding many potential new alleles to be identified.
Of the 79 HLA-A alleles identified, 9 with frequencies above 5% ( Table 3) . These alleles were A * 02:01:01 (10.90%), A * 68:02:01 (9.93%), A * 74:01:01 (7.47%), A * 30:02:01 (7.43%), A * 30:01:01 (6.55%), A * 01:01:01 (6.36%), A * 02:02 (5.76%), A * 03:01:01 (5.76%), and A * 23:01:01 (5.48%). Six of the 113 HLA-B alleles identified in this population are with frequencies above 5% ( Table 3) . These alleles were B * 58:02 (8.79%), B * 15:03:01 (8.47%), B * 53:01:01 (7.85%), B * 45:01:01 (6.61%), B * 42:01:01 (6.47%), and B *49:01:01 (5.26%). Seven out of the 53 HLA-C alleles identified are with frequencies above 5% ( Table 3) . These alleles were C * 06:02:01 (16.98%), C * 07:01:01 (14.29%), C * 04:01:01 (13.01%), C * 17:01:01 (9.36%), C * 02:10 (6.67%), C * 16:01:01 (5.95%), and C * 18:01:01 (5.81%). A total of 25 HLA-A alleles, 39 HLA-B al-leles and 17 HLA-C alleles were only identified in one individual in the population. The primers were combined with DRBPCRR primer in PCR reaction to produce the PCR products.
HLA Class II Allele Diversity and Frequencies
As expected, the HLA class II loci is less diverse than the class I loci in this population. Table 4) . For other functional DRB loci, the DRB3 phenotype was most common in the population at 84.77%, the DRB4 phenotype was observed in 22.57% population, and the frequency of the DRB5 phenotype was 21.28%. Only 5 unique DRB3 alleles were identified in this population ( Table 4 ) with DRB3 * 02:02:01 (54.76%), DRB3 * 03:01:01 (25.79%) and DRB3 * 01:01:02 (18.57%) as the most abundant alleles. Only one allele was identified at DRB4 (DRB4 * 01:01:01) and DRB5 (DRB5*01:01:01). Four HLA-DPA1 alleles, 11 DPB1 alleles, 1 DQA1 allele, 5 DQB1 alleles, and six DRB1 alleles were only found in one individual in the population.
Homozygosity at Class I and Class II Loci
As expected the frequency of homozygosity was lower in HLA class I genes than that in class II genes. The frequencies of homozygosity for class I loci are 5.78%, 6.71% and 9.11% for HLA-B, -A, and -C respectively. Whereas, the frequencies of homozygosity for class II loci are 27.50%, 13.23%, 23.31%, 16.68%, and 8.50% for DPA1, DPB1, DQA1, DQB1 and DRB1, respectively.
Among the 2103 individuals who were fully typed at the class I loci, 297 individuals were homozygous at one class I locus (14.12%), 56 individuals (2.66%) were homozygous at two class I loci, and 16 individuals (0.76%) were homozygous at all three class I loci. Among the 867 individuals who were fully typed at the class II loci, 249 were homozygous at one class II locus, 137 (15.80%) were homozygous at two class II loci, 61 (7.04%) were homozygous at three class II loci, 12 (1.38%) were homozygous at four class II loci, and 8 (0.92%) were homozygous at all the class II loci.
We analyzed homozygosity at all class I and class II loci (excluding DRB3, DRB4, and DRB5) for 834 individuals who have been fully typed for HLA-A, -B, -C, -DRB1, -DPA1, -DPB1, -DQA1 and -DQB1. Of these fully typed individuals, 246 (29.50%) were homozygous for one loci, 148 (17.56%) were homozygous at two loci, 75 (8.99%) were homozygous at three loci, 20 (2.40%) at four loci, 8 (0.96%) were homozygous at five loci, 1 (0.12%) at 6 loci, 4 (0.48%) at 7 loci and 2 (0.24%) at all loci. The frequency of individuals with one or more homozygous loci was 60.43% in this fully typed subgroup. The observed homozygosity in HLA-B is higher than expected (P = 0.022), while there is no significant difference between expected and observed homozygosity in HLA-A (P = 0.063) and HLA-C (P = 0.729). At the class II loci, higher than expected homozygosity was observed in HLA-DQA1 (P =0.004), HLA-DQB1 (P = 0.023), and HLA-DRB1 (P = 0.006). The Ewens-Watterson homozygosity test of neutrality was tested on each locus however there were no significant results at any loci. All the class I and class II Allele frequency distributions of the population are visualized in Figure 1 from highest to lowest frequency.
HLA Genotypes, Haplotypes and Linkage Disequilibrium
Genotype frequencies were analyzed at each locus using Pypop 0. Table 6) . Linkage disequilibrium analysis of HLA class I and II alleles identified specific class I and class II haplotypes ( Table 7 and Table 8 ). This data was obtained using the online tool previously described in the Methods section.
There were 13 unique class I (A-B-C) haplotypes with frequencies above 1% in the population ( (1.17%). Nine unique class II haplotypes (DPA1-DPB1-DQA1-DQB1-DRB1) were found in more than 1% of the population (Table 10) 
Comparison of HLA Allele Frequencies of Pumwani Cohort with other World Populations
We compared the HLA class I and class II allele frequencies of this population with other populations in the world including Sub-Saharan Africa, western Africa, Europe and Asia [8] (Table 11 and Table 12 ). As expected the HLA class I and class II allele frequency distribution of Pumwani cohort is very similar to that of other Sub-Saharan Africa and North Africa populations with the exception of lower frequencies of A * 23 (5.55% versus 11.21%) and DQA1 * 03 (4.79% versus 11.72%), and higher frequencies of DPB1 * 30 (2.26% versus 0.37%) and DRB1 * 11 (21.51% versus 15.89%). The frequencies of specific allele groups in Pumwani cohort are much higher than Asian and Caucasian populations, such as A * 29, A * 30, A * 36, A * 66, A * 68, A * 74, B*42, B * 46, B * 58, B * 81, C * 02, C * 06, C * 17, C * 18, DPA1 * 03, DPB1 * 01, DPB1 * 17, DPB1 * 18, 
Discussion
Analysis of HLA class I and II allele distributions in different populations is an important part of vaccine, anthropological and disease association studies [1] - [3] [5]- [7] [9]- [12] . While many studies have been conducted in a diversity of world populations, few studies have analyzed both class I and class II alleles at the high resolution and few have studied population size as large as ours in this study. The identification of 245 HLA class I alleles and 184 class II alleles in this population, further demonstrates the genetic diversity in this East African population. The HLA class I and class II allele frequency distribution of the East African population will no doubt play an important role in shaping pathogen diversity and influencing pathogen evolution through host-pathogen interactions.
In this study population, homozygosity at the HLA-B -DQA1 and -DPB1 loci was significantly higher than expected. HLA association studies have shown that homozygosity for certain alleles/supertypes was associated with both better and worse clinical outcomes [10] . Frequencies of specific alleles such as A * 74:01, DPA1 * 01:03:01, DPA1 * 02:02:02, DQA1 * 01:01:01, DQA1 * 03:01:01, and DQB1 * 05:01:01 were higher than expected. The significant deviations from expected frequencies may suggest a potential benefit conferred to individuals homozygous for these alleles against common pathogens. For example, A * 74:01 is associated with slower disease progression to AIDS in HIV infected individuals [13] , DPA1 * 01:03:01 is associated with slower seroconversion in this population [14] . The frequencies of multiple class I (A-B-C) alleles in this cohort were higher than 1% and majority of them were unique to Sub-Saharan populations including Kenyan Luo and Kenyan Nandi populations. Haplotype A * 30:01-B * 42:01-C * 17:01 has also been identified in a sub-Saharan population [15] and a North African population from Morocco [16] . The existence of similar haplotypes between different ethnic populations suggests an ancestral linkage.
Comparing allele frequencies between different world populations showed similarities among African Alleles with frequencies below 2.00% were not included.
populations, and significant difference between African population and other world populations, such as Asian and European populations. While most allele groups were found in every population, there were a few that were unique to specific regions such as B * 46 and B * 54 which was frequent in Asian populations but was rare in western Caucasoid Europeans and African populations, while A * 74 was highly prevalent in sub-Saharan Africa but was rare in other populations. As expected, similar frequencies were observed between this east African population and other sub-Saharan populations (http://www.allelefrequencies.net/). There were a few differences, such as A * 23, DQA1 * 03, DPB1 * 30 and DRB1 * 11. Genetic diversity at the HLA loci enables this east African population to deal with the great number of infectious pathogens [17] at the population level. The large number of alleles and the new alleles identified in this population [5] [18]- [25] could reflect the founder population under the intensive balanced selective pressure by infectious pathogens. The insignificant deviation from Ewens-Watterson homozygosity test of neutrality could be due to the large number of alleles identified in this population. Furthermore, a recent paper showed that negative frequency-dependent selection can limit the utility of the EW test in detecting selection acting on the HLA genes [26] .
